Functional magnetic resonance imaging (fMRI) using blood oxygenation level-dependent (BOLD) contrast has progressed rapidly and is commonly used to study function in many regions of the human brain. This paper introduces a method for characterizing the linear or nonlinear properties of the hemodynamic response. Such characterization is essential for accurate prediction of time-course behavior. Linearity of the BOLD response was examined in the primary visual cortex for manipulations of the stimulus amplitude and duration. Stimuli of 1, 2, 4, and 8 s duration (80% contrast) and 10, 20, 40, and 80% contrast (4 s duration) were used to test the hemodynamic response. Superposition of the obtained responses was performed to determine if the BOLD response is nonlinear. The nonlinear characteristics of the BOLD response were assessed using a Laplacian linear system model cascaded with a broadening function. Discrepancies between the model and the observed response provide an indirect measure of the nonlinearity of the response. The Laplacian linear system remained constant within subjects so the broadening function can be used to absorb nonlinearities in the response. The results show that visual stimulation under 4 s in duration and less than 40% contrast yield strong nonlinear responses. 1998 Academic Press
INTRODUCTION
Magnetic resonance imaging (MRI) has become a versatile tool for detecting intrinsic signal changes produced by regional changes in neuronal activity (Ogawa et al., 1990 (Ogawa et al., , 1992 Belliveau et al., 1991; Bandettini et al., 1992; Kwong et al., 1992) . This capability of MRI to detect localized physiological changes, along with its noninvasive nature, makes it a suitable tool for functional brain mapping. Functional brain mapping with MRI has emerged only in recent years, but it has rapidly developed to study areas of vision, somatosensory, language, working memory, and other cognitive processes.
While there are a variety of methods for acquiring functional information with MRI, the blood oxygenation level-dependent contrast, or BOLD contrast, method continues to serve as the principal tool for human brain mapping studies. The BOLD contrast results from a complex interplay between cerebral blood flow (CBF), cerebral blood volume (CBV), blood oxygen extraction, and local metabolism which takes place as a consequence of neuronal activation. The end result is a decrease in the local concentration of venous deoxyhemoglobin Phelps et al., 1981; Prichard et al., 1991; Raichle et al., 1976; Fox et al., 1992) . As the local environment becomes less magnetically inhomogeneous, spin dephasing is reduced and the observed signal in a T2*-weighted image increases. Even though several hypotheses have been proposed to explain the interplay between CBV, CBF, blood oxygen extraction, and local metabolism, the central role of paramagnetic deoxyhemoglobin in the observed functional signal is well accepted. Following neuronal stimulation an ''undershoot'' has been observed where the signal falls below the prestimulation baseline, but eventually reaches steady state (Davis et al., 1994; Savoy et al., 1995) . The precise understanding of this physiological phenomenon is still under investigation and it may not be consistently reproduced in all areas of the brain.
As applications using BOLD mature, investigators attempt to extract more subtle information from the temporal response. In various studies, it has been suggested that the temporal hemodynamic response possesses linear characteristics and that the response is independent of prior responses (Hykin et al., 1995; Cohen, 1997) . If these two conditions hold, then the hemodynamic response can be modeled using a linear time-invariant (LTI) system.
Linearity is a property attributed to systems which satisfy the scaling and superposition properties. We have also assumed throughout this paper the property of time-invariance, that is, that the impulse response does not change with time. Consequently, once a system has been characterized for a single stimulus (most commonly an impulse stimulus resulting in the system ''impulse response''), the input waveform is all that is required to predict the output response. For example, if the input stimulus duration lengthened from 1 to 2 s, linear system theory would predict that the output should be equal to the sum of the original 1-s response plus the 1-s response after a delay of 1 s. If the amplitude of the input increased by a factor of two, linear system theory would predict that the output should be to two times the original 1-s response. In general, the output function can be described as the convolution of the input function with the system impulse response. Analogously, in the frequency domain, the output spectrum can be described as the product of the input spectrum with the system transfer function. Given an output function, it is also possible to identify the input by deconvolution techniques. These techniques tend to be very sensitive to noise, though there are techniques for mitigating the noise problems (Frederick, 1972; Leon-Garcia, 1994) .
One implication of linearity and time-invariance is that it should be possible to characterize the system response and then deconvolve the output to ascertain the input functions (albeit at the expense of the signalto-noise ratio) (Hykin et al., 1995; Cohen, 1997) . For example, deconvolution of the hemodynamic response with its representative system provides the input waveform. Further, it should be possible to determine if different areas of the brain exert modulatory influences on each other (Friston et al., 1995) . This assumption also plays an important role in the understanding of the BOLD response, particularly for short stimuli, and in the design of experiments and the prediction of responses to particular inputs (Hykin et al., 1995; Friston et al., 1995; Maisog et al., 1996; Courtney et al., 1996; Cohen, 1997) .
In this study we examine the hemodynamic response to determine if it exhibits the properties of linear systems, namely scaling and superposition. The hemodynamic response is evaluated for nonlinearities in the presence of variations to the amplitude and duration of a visual stimulus. Our general approach is to, first, determine whether the hemodynamic response exhibits nonlinear properties, and second, characterize some of the nonlinear properties present in the response. To characterize some of the nonlinear properties we treat the time course in response to a stimulus as the output of two cascaded linear systems. One system provides a general characterization of the response for a particular subject and is held constant for all of the different stimuli. The other system is allowed to vary with different stimuli and, as such, can be used to absorb some of the nonlinearities in the response. This second system, which can be viewed as a convolution with a broadening function, is parameterized by width, amplitude, and delay parameters.
METHODS

Activation Paradigms
The linearity of the BOLD response was examined in the visual system with three different activation paradigms. These paradigms were used for (1) the determination of regions of activation to be used for further analysis, (2) the localization of the primary visual cortex (V1), and (3) the examination of the response in V1 for different input stimuli. In the last paradigm, temporal and amplitude variations of the stimuli were utilized to examine the linear characteristics of V1. The primary visual cortex (V1) was examined because this system has well-defined anatomy, is easily activated, and is known to be contrast sensitive (Shapley, 1993) . Contrast sensitivity enabled us to vary the amplitude of the input stimulus.
The visual stimulus used to study nonlinear properties of the response consisted of an inverting checkerboard paradigm which appeared in the lower right quadrant of the visual field. This quadrant was used because the activated tissues in the first three stages of the visual system (V1, V2, and V3) are located dorsal to and anatomically remote from some higher visual areas, such as in the human homolog of Macaque V4 (Tootell et al., 1988) . The alternating frequency of the checkerboard was set to 8 Hz in order to produce maximal activation (Fox and Raichle, 1984) . A medium gray background was also used to avoid any effects from ''after images.'' All stimuli were generated by a custom program on an Apple Macintosh (Cupertino, CA) computer connected to an LCD projector (In Focus, Wilsonville, OR) and projected via a long focal length lens to a screen in the bore of the magnet.
In the first paradigm, regions of activation resulting from visual stimulation in the lower right quadrant were determined from an experiment in which the checkerboard was presented for 20 s followed by a blank field for 20 s. These two conditions were cycled four times to cover a 2-min 40-s interval. A photometer was used to calibrate and measure the gray-scale intensity given by the projector in order to accurately deliver an 80% contrast checkerboard. The background intensity (gray) was set to 12 lumens. A correlation algorithm (Bandettini, 1992) was employed to generate a map of the magnitude of the correlation coefficients. A sinusoidal reference waveform was used with a delay of 5 s to account for the lag in activation onset (Kwong et al., 1992; Engel et al., 1994) . This map was thresholded to coefficients equal to or higher than 0.5 (P Ͻ 0.0005) in order to show only those pixels which closely followed the paradigm's time course. Regions of contiguous voxels were then considered as potential areas of activation for further investigation.
The second visual paradigm was aimed at determining the location and boundaries of V1. Area V1 is distinguishable from other areas in the visual system by its topographic map. In each hemisphere, V1 contains a map of one-half of the visual field (180°), with the upper visual field located ventrally and the lower visual field located dorsally. Engel et al. (1994) described a topographic mapping technique where a visual stimulus was rotated around a fixation point at the center of the field. In our study, the quarter-field inverting checkerboard stimulus (80% contrast) rotated around the visual field with angular periodicity of 40 s per revolution. Four rotations were performed for a total paradigm time of 2 min 40 s. The topographic mapping data set was again processed using a correlation algorithm; however, in this case correlation was performed with a sine and cosine wave, which allowed calculation of magnitude and phase images of the correlation coefficient. The magnitude image is an indication of the strength of the correlation with the sinusoidal reference waveform, while the phase image is an indication of the time-lag at which the correlation is maximized. In the phase image, area V1 is characterized by a continuous variation over 180° (Fig. 1) . The boundaries between the first two stages of the visual system (areas V1 and V2) are identified by inflection points at the margins of the 180°variations. Area V2 can be identified by a 90°phase variation.
The third paradigm was aimed at examining the linearity of the hemodynamic response through temporal and amplitude variations of the input stimuli. To assess the effect of stimulus duration, visual stimuli of length 1, 2, 4, and 8 s were presented. The first and last 625 ms of checkerboard inversion were sinusoidally ramped to avoid any transients that might arise from sudden appearance of the stimulus. The duration of the stimulus was determined by its full-width at half the maximum (FWHM) and the peak contrast was calibrated to 80%. The effects of stimulus amplitude were assessed in a similar fashion. Here, however, the stimulus duration was fixed to 4 s FWHM and the stimulus contrast was set for each trial to contrast levels of 10, 20, 40, and 80%. For all visual stimuli, a photometer was used to calibrate the luminosity of each color in the projected gray-scale images.
Data Acquisition
All scans were carried out on a General Electric 1.5-T scanner (Milwaukee, WI) using a 5-inch surface coil positioned over the occipital pole. This allowed maximal SNR over the visual areas. Three oblique slices, 4 mm thick, in the coronal orientation and centered perpendicular to the calcarine fissure were prescribed for functional imaging using high-speed spiral imaging. Four interleaved spirals were used to cover a diameter 64 region of k space for a nominal spatial resolution of 3.1 by 3.1 mm over a 20-cm field of view. For the localization and topographic mapping portion of the study (first and second paradigms), the imaging parameters chosen were TR 250 ms, gradient echo, TE 35 ms; and FA 15°. One hundred sixty images per slice were acquired over the paradigm time of 2 min 40 s.
The small size of the BOLD response required averaging of the time courses in order to increase SNR. Hence, for the examination of the hemodynamic response in V1 (third paradigm), each experimental scan consisted of multiple trials for averaging. To ensure accurate synchronization across averages, each trial within a scan was triggered by a pulse sent from the stimulus control computer. The same slice locations examined in the first two paradigms were studied in this paradigm. The acquisitions utilized a spiral pulse sequence with four interleaved spirals, a TR of 240 ms, a TE of 35 ms, a FA of 15°, and a FOV of 20 cm. In each trial, 64 images were acquired in 61 s with the acquisition beginning 2 s into each trial. Each experimental run contained five trials and was repeated twice in each manipulation (1, 2, 4, 8 s or 10, 20, 40, 80% contrast) for a total of 10 trials per contrast level or duration. In a given scanning session, individual subjects were examined in either the stimulus duration study or the amplitude duration (c) Since V1 is identified by a 180°phase change over a hemisphere of cortex, the illustration points to area V1 in this particular subject. study, but not both. The order of the experimental runs within a session and across subjects was randomized. Five subjects were studied in each of the duration and amplitude studies.
Data Analysis
Once a region of interest in area V1 had been determined, single trial time courses were generated for that region. These were then averaged across all trials in the two experimental runs for each stimulus manipulation. A fast exponential decay followed by a very slow decay or drift were observed in some of the time courses. The fast decay corresponds to the sharp drop in magnetization due to T1 relaxation before equilibrium is achieved. The source of the slow drift, on the other hand, is unknown, although its presence in functional MRI studies is not uncommon. Any monotonic drift (positive or negative) in the data will lead to a system model that is unstable. Since system instability would lead the modeled hemodynamic response to quickly diverge, these drifts and decays need to be removed prior to analysis. Therefore, all time courses were optimally fitted to a function, d(t), given by
to remove these two trends. The parameters a 1 , a 2 and 1 , 2 are the amplitude and time constant parameters of the fast and slow terms, respectively. A nonlinear least-squares optimization routine (MATLAB, Mathworks, Natick, MA) was used to optimize the sum of the squared error, e 2 (t), between the observed and fitted responses. Only the first 20 s and final 10 s of each response were utilized in this procedure to ensure that the response to the stimulus was not affected by the estimated decays and drifts.
Once the trends were removed from the temporal data, superposition was utilized to determine if the BOLD response exhibits nonlinear properties. Superposition is described by
where S[x(t)] is the response of system S obtained from input waveform x(t) and ␣, ␤ are scaling constants. Superposition of the responses obtained from the short duration stimuli were used to predict the responses of the longer duration stimuli. The temporal width (defined as FWHM) and peak amplitude of the obtained and predicted responses were used to determine if nonlinear traits were present. Prediction of 4-and 8-s responses from 1-and 2-s input responses were considered in the analysis. As examples, the response to an 8-s duration, 80% contrast stimulus was predicted from eight appropriately delayed 1 s duration, 80% contrast responses and four appropriately delayed 2 s duration, 80% contrast responses. A generalized t test was performed on the difference in temporal width and difference in peak amplitude to test for significance in the results from the stimulus duration study. This t test accounted for correlated errors using the scheme described by Sen (1990) . The covariance matrix was estimated from the data. In the stimulus amplitude study, we tested for significance in the slope of the observed width as a function of contrast (slope different from zero). The slope coefficient was converted to a generalized t statistic using the method previously described. A system model was then employed to characterize some of the nonlinearities present in the response considering that superposition may not be a property of the response. The temporal response was modeled as the output of two cascaded linear systems as shown in Fig. 2 . The first system fitted to each subject consisted of a second-order linear system, described by a ratio of polynomials in the Laplace transform domain:
The parameter a 1 is the system zero and b 1 and b 2 are the system poles (Frederick, 1972) . Second-order linear systems allow overshoot, undershoot, and oscillatory attributes in their responses, as well as a return to baseline following stimulation. Poles and zeros are defined as the respective roots of the denominator and numerator polynomials of a system description in Laplace domain. Using partial fraction expansion and the inverse Laplace transform, a system description in terms of poles and zeros can be described as a sum of exponential functions in time domain, where the poles correspond to the time constants of the exponential functions and the zeros contribute to the weight of each exponential. A single zero is sufficient to modify the affinity between overshoot and undershoot. The response attained from this system alone serves as an approximation of the temporal response. The other system in the model is a broadening function (or filter) consisting of a rectangular pulse with a time-domain description of
where parameters A, t d , and are the amplitude, delay, and width parameters of the filter, respectively. Even though the second system is not physiologically relevant, it can quantitatively model any changes to the width, amplitude, or delay of the response to a stimulus. Since Eqs. (3) and (4) represent linear, timeinvariant systems, the order in which they are applied is unimportant. Altogether, the system model can be described with a total of six parameters. For each of the stimulus manipulations in each subject, the response was fit to the data using all six system parameters. Fitting was again performed using the nonlinear optimization routine in MATLAB. The input to the system corresponded to the shape and duration of the visual stimulus presented to the subject (sinusoidal ramp of width FWHM). Since we desire to absorb all differences between stimuli with the broadening function, an average system was calculated for ''subject response.'' This was achieved by calculating the median pole and zero locations from the system description in Eq. (3). These two poles and zero were taken as representative for the subject. The median locations were found to give a more representative system than the mean locations and can more ably handle averaging real and complex pole locations.
Each time course was now remodeled using a fixed subject response. In this case, only the three parameters in Eq. (4) were fitted. Since the input to the cascaded system described the shape of the visual stimulus, overall linearity of the system would imply that the parameters found in Eq. (4) should remain constant for different stimulus duration. For different input contrasts, linearity would imply that only the system amplitude should vary. The behavior of these parameters with different stimulus manipulations is a measure of the linearity or nonlinearity of the BOLD temporal response.
RESULTS
Determination of Nonlinear Traits
In all subjects and for all stimuli, a significant signal increase over baseline was observed in response to visual stimulation. The test of superposition was initially performed to test for linearity directly from the data as described under Data Analysis above (modeling was not performed in these tests). The generalized t statistic calculated from the difference in temporal width (FWHM) and amplitude of the observed responses in the duration manipulation study were 1.5615 (ns) and 3.1968 (P Ͻ 0.01, 19 df ), respectively. The t statistic for the difference in width does not indicate significance of the results, suggesting that the response may behave linearly. However, the t statistic for the difference in amplitude indicates significance of the results, within 99% confidence, suggesting that the response behaves nonlinearly (predicted peak amplitudes were always higher than the observed peak amplitudes). An important point has to be stated regarding the data, the variability of the time series most likely introduced errors/variability into the measurement of ''true'' width. Some of the subjects did show significant differences in width (and amplitude) as presented in Fig. 3 . Thus, the data motivate the use of a model to ascertain the behavior of the response to different input stimuli.
The generalized t statistic calculated from the temporal width of the observed responses in the amplitude manipulation study was 2.5023 (P Ͻ 0.05, 15 df ). These results show that the temporal widths between highand low-contrast responses are significantly different (within 95% confidence). The significant change in response width suggests that the response behaves nonlinearly. No conclusions can be drawn from the changes in amplitude since the slope of the underlying linear relationship between response amplitude and contrast is unknown.
Modeling of Nonlinear Effects: Stimulus Duration
The method for determining the system model was effective in all subjects (SSE Ͻ 0.00005). A representative example is presented in Fig. 4 . The system model provided more useful insight on the temporal characteristics of the BOLD response. The widths were normalized for averaging since every subject showed different mean width levels. Normalization was performed by subtracting the modeled width from the minimum width for each subject. These results are presented in Fig. 5 (top left). For stimuli shorter than 4 s, the modeled width of the broadening function dropped drastically, hence significant nonlinear behavior was observed in the temporal response. For stimuli of duration 4 s or longer, the modeled width remained nearly constant, indicating that the response showed a linear behavior.
The rectangular system amplitude parameter (gain) also exhibited nonlinear behavior. Here, normalization was performed for each subject by subtracting the modeled gain from the minimum gain and dividing by the difference between the minimum and maximum gains. Figure 5 (top right) contains the average normalized gains as a function of stimulus duration. A high filter gain was observed for stimuli 2 s in duration or shorter, while a low filter gain was observed for stimuli 4 s or longer. Thus, the gain also exhibits nonlinear behavior for stimuli of short duration. The width and the gain seem to run counter to each other, and as such, the area under the broadening function may experience very little change. The area of the rectangular filter as a function of stimulus duration is presented in Fig. 5 (bottom left). There was a great deal of variability in this measure and no trends in the area of the broaden- ing function were found to be significant. Finally, the delay parameter as a function of stimulus duration is presented in Figure 5 (bottom right). As with the area measure, no significant changes to this parameter were found with stimulus duration.
Modeling of Nonlinear Effects: Stimulus Amplitude
Significant signal increases due to visual stimulation of various contrast levels, including 10% contrast, were observed in every subject. As before, width, amplitude, and delay parameters of the system model were fit to the time course data. The filter widths were normalized for averaging and the corresponding plot is presented in Fig. 6 (top left) . The filter width for the lowest contrast level (10%) was significantly less than the higher contrast levels (40-80%). The width for 20% contrast stimulus was also reduced relative to the higher contrast stimuli; however, this was not found to be significant. A linear fit to the data found a significant, positive slope of 0.0088 Ϯ 0.0054 s/% contrast (mean Ϯ standard deviation). Even though the trend observed is not as evident as in the duration study, the system response varies with respect to input amplitude and is therefore nonlinear.
The normalized filter gain is plotted against stimulus contrast in Fig. 6 (top right) . Although individual differences in contrast were not found to be significant, a linear fit to the data, showed a significant, positive slope of 0.72 Ϯ 0.56% activation/% contrast. Similarly, the data for the area under the broadening filter are presented as a function of stimulus contrast in Fig. 6 (bottom left). Again, individual differences in contrast were not significant, although a linear fit to the data showed a significant, positive slope of 0.76 Ϯ 0.59% activation · s/% contrast. The significant linear trends in the amplitude and area parameters do not indicate that the system is nonlinear. The amplitude parameter was freely fitted and was expected to increase with an increase in input amplitude. The delay parameter of the rectangular filter showed no significant trends when plotted against stimulus contrast (Fig. 6, bottom  right) .
DISCUSSION
There is an infinite variety of nonlinear systems which, in general, do not satisfy either the scaling or superposition properties, or both. Without a full characterization of the nonlinearity, it is impossible to predict accurately the output to an arbitrary input. The results from the superposition experiment indicate that the BOLD response does possess nonlinear properties over the range of stimuli tested. Our system model was designed to capture three potential aspects of this nonlinearity: a broadening or narrowing of the width of the response, an amplitude variation, and a variation in the delay of the response. The quality of the fits to the data indicate that this model captures much of the nonlinearity in the hemodynamic response over the range of stimuli tested. Further evidence of nonlinearity is provided by the observation that model (broadening function) parameters needed to be adjusted in order to fit the responses.
The strongest nonlinear behavior was exhibited by the response to manipulations of the stimulus duration. In particular, the width of the broadening function was significantly narrower for input stimuli under 4 s in duration. The amplitude aspect of the response also showed nonlinear behavior, reinforcing the idea that the BOLD response behaves nonlinearly for short duration stimuli. The inverse relationship between width and amplitude indicates that short stimuli will result in responses that are larger in amplitude, but narrower in duration. Similar nonlinear behavior has been suggested in other studies of short duration stimuli by Boynton et al. (1996) and Savoy et al. (1995) . Boynton reported the hemodynamic response behaved linearly when comparing observed and predicted responses from long duration stimuli (i.e., 6, 12, and 24 s), but reported shortened response predictions (i.e., to 24 s) from short duration stimuli responses (i.e., 3 s). In Savoy's study, very short stimuli (100 ms and less) still resulted in moderately large (ϳ0.5-1%) responses. A linear model based on the response to a 1-s stimulus would have predicted a broader and lower amplitude response than was observed. This study also points out a beneficial aspect of nonlinearity of responses to very short stimuli: the responses are narrower and considerably more intense than would be predicted by linear models derived from longer duration stimuli. We consider short stimuli to be those that are short relative to the duration of the hemodynamic response (e.g., about 2 s or shorter).
There was also significant nonlinear system behavior with respect to manipulations to the stimulus amplitude. Here we utilized the contrast sensitivity of area V1 to moderate the input amplitude. While the resultant model parameters did not exhibit nonlinear trends as strong as those in the duration study, the trend for the width parameter showed a significant, positive correlation with the log of stimulus contrast. As expected, the amplitude parameter showed a significant positive linear trend. Over the range of contrasts tested, we expected an approximately linear relationship between amplitude and log of stimulus contrast. The subject responses in the contrast manipulation experiments were highly variable when compared to the duration manipulation experiments. This may in '' G(s) , was fixed in all plots as described under Methods.
part be due to the combined weakness of short duration and low-contrast stimulation. Furthermore, the variations in contrast did not exhibit changes in the peak response as large as anticipated (2.6 to 3.7% over the range tested). One possible reason for this may, in fact, be the nonlinear relationship, which may have resulted in broader, reduced amplitude responses as contrast increased. Indeed, the area of the response shows a larger percentage variation than the amplitude alone (average increase of 42% over the range tested). There are also possible neural or behavior factors, such as neuromodulation (Friston et al., 1995) or attentional modulation that could reduce the contrast effect for short stimuli responses.
The nonlinear nature of the BOLD response has important implications. First of all, a simple linear system model may not be able to characterize accurately the hemodynamic response. Further, deconvolution based on a simple system model cannot be used to determine input functions of brain areas that respond differently for different stimuli. Within a single area of cortex, different duration stimuli are characterized by different system models, thus preventing deconvolution when the stimulus is unknown. An additional confounding factor for analysis of time course data is that response duration can be affected by the intensity of the stimulation (as evidenced by the contrast manipulation study). With this property it is possible that a short and intense stimulus could yield a response of the same width as a longer and weaker stimulus. For example, the response to a 2-s duration and 80% contrast stimulus possesses nearly the same broadening width as a 4-s, 10% contrast stimulus. This fact greatly increases the difficulty in distinguishing these two responses. As different areas of the brain will typically respond to stimuli by differing amplitudes, the nonlinearity with respect to amplitude variations could also make cross-region comparisons difficult. Even if different areas of the brain have identical system characteristics (and we have found no evidence in support of this), amplitude variations in the input amplitude might make the time course of activity vary in these different regions. Understanding the system properties and their interactions for different stimuli will be important for determining the true underlying responses in functional MRI.
It is important to consider that the nonlinearities observed in the results may be the product of timevarying properties of the response. The design of the paradigm used in this study allowed approximately 60 s of fixation for the return to steady state. Although the responses showed a return to baseline, this time period may not be sufficient for a return to steady state of the physiological factors involved in BOLD. However, if the observed response returns to baseline and the ensuing response is not identical then superposition is not a property of the response. The dynamics presented in this work are important in the understanding of the hemodynamic response properties in practical circumstances since most experiments use fixation periods shorter than 60 s.
While our findings point to nonlinearity, other authors have reported that, under certain conditions, the hemodynamic response behaves in a linear fashion (Boynton et al., 1996; Dale and Buckner, 1997) . These results are not necessarily inconsistent with our results. The study by Boynton used longer duration stimuli to show linearity (our data also suggest a linear response for stimuli longer than 4 s in duration). The study by Dale used a different design with short visual stimuli separated by periods of fixation. It has been shown that local CBF and CBV are the principal physiological factors involved in the BOLD response and that these increase in response to neuronal activity, where the increase in CBF is approximately twice that of CBV. Assuming that CBF dynamics are linear and CBV dynamics are nonlinear (Buxton et al., 1997) may explain the BOLD dynamics observed in the results. It may ultimately explain any discrepancies between our experimental results and those of others.
For this study, we chose a system model that did not have a physiological basis, but rather would allow simple inclusion of the nonlinear properties in a system model. An application of the model described in this work to functional MRI may be in the detection of activated areas from short-duration stimuli. If the model parameters were calculated for a particular input waveform (i.e., 2 s duration), then the model parameters for other input stimuli can be estimated (i.e., 1 s duration). In general, a string of input functions can be convolved with broadening functions and then applied to a linear system model to generate a basis function for analysis. Our findings apply mainly to the resultant BOLD signal from external stimulation. Since the exact temporal pattern and intensity of activation is unknown, we do now know if the nonlinearity results from nonlinearities in the neural mechanism or the hemodynamic response. One possible neural source of nonlinear behavior may result from the late positive complex (LPC). The appearance of neuronal activity (LPC) after stimulus application (usually 300 ms after, although latency has been reported to vary between 250 and 1000 ms) might help to explain our results of broadened width with increase in contrast (Regan, 1989) . We believe, however, that the broadening for longer stimuli runs counter to this explanation, which would have a proportionately larger broadening effect on short stimuli than for long stimuli.
As a final note, the hemodynamic response is the product of a complex interplay between CBF, CBV, blood oxygenation, local metabolism, and neuronal activity, all of which can be measured using a variety of methods. The dynamics of the these physiological variables need to be assessed in order to characterize fully the dynamics of the BOLD response. Some of these variables are known to possess nonlinear dynamics, such as the saturation of the blood oxygenation curve. Tests of linearity on these physiological variables will directly determine the linear (and time-invariant) properties of the BOLD response, if any.
CONCLUSION
The results obtained in this work showed that visual stimulation under 4 s in duration and less than 40% contrast yield strong nonlinear responses. The model used in this work did not depend on the underlying physiology of the response, but rather on its physical characteristics. The superposition experiment and the ''simplistic'' or black-box model approach served to determine that the hemodynamic response is highly nonlinear particularly for short stimulation periods. Understanding this nonlinear behavior will help refine predictions of the fMRI response and the experimental designs of functional experiments. It also cautions the use of linear models for the construction of expected responses, since the system that determines the shape of the time-course can depend on both the duration and the amplitude of the stimulus. Careful accounting of the nonlinear behavior will be necessary when extracting fine temporal information from fMRI experiments.
